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We examined the physiological significance of NMDA Japan receptor channel diversity by gene targeting. The disruption of the GluR⑀1 gene resulted in the reduction of hippocampal long-term potentiation (LTP) and impairSummary ment of Morris water maze and contextual learning Kiyama et al., 1998) . GluR⑀2 mutant The synaptic localization of the N-methyl-D-aspartate mice died shortly after birth and failed to form the (NMDA) type glutamate receptor (GluR) channel is a whisker-related neural pattern (barrelettes) in the brainstem trigeminal complex , simiprerequisite for synaptic plasticity in the brain. We lar to GluR1 mutant mice (Forrest et al., 1994; Li et al. , generated mutant mice carrying the carboxy- terminal 1994) . The ablation of the GluR⑀2 subunit also impaired truncated GluR⑀2 subunit of the NMDA receptor chansynaptic plasticity in the hippocampus (Kutsuwada et nel. The mutant mice died neonatally and failed to form al., 1996; Ito et al., 1997) . GluR⑀4 mutant mice exhibited barrelette structures in the brainstem. The mutation reduced spontaneous activity , while greatly decreased the NMDA receptor-mediated comGluR⑀3 mutant mice showed little obvious deficit (Ebraponent of hippocampal excitatory postsynaptic poten- lidze et al., 1996; Kadotani et al., 1996 ; Sprengel et al., tials and punctate immunofluorescent labelings of 1998) .
GluR⑀2 protein in the neuropil regions, while GluR⑀2
The GluR⑀ subunits of the NMDA receptor channel protein expression was comparable. Immunostaining have large carboxy-terminal domains (Ikeda et al., 1992 ; of cultured cerebral neurons showed the reduced Kutsuwada et al., 1992; Meguro et al., 1992 ; Monyer et punctate staining of the truncated GluR⑀2 protein at al., 1992) . These putative cytoplasmic regions contain synapses. These results suggest that the carboxy-terthe interaction sites with the PSD-95 (postsynaptic minal region of the GluR⑀2 subunit is important for density-95) family of PDZ domain-containing proteins efficient clustering and synaptic localization of the and ␣-actinin (Kornau et al., 1995; ; Mü ller NMDA receptor channel. et al., 1996; Niethammer et al., 1996; Wyszynski et al., 1997) . The carboxy-terminal region of the GluR⑀2 subIntroduction unit is responsible for the modulation of NMDA receptor channels by a protein kinase C activator (Mori 1996) . GluR⑀2 protein is one of the most strongly tyroneuronal pattern formation during development (Cline sine-phosphorylated proteins among postsynaptic density proteins (Moon et al., 1994) . To investigate the physiological roles of the region, we have generated mutant mice carrying a carboxy-terminal deletion of the GluR⑀2 stem (ES) cells ( Figures 1A-1C ). The targeting vector carried a translational termination codon after the Leusubunit. In contrast to the recent argument by Sprengel et al. (1998) , we have found that the carboxy-terminal 997 codon of the GluR⑀2 gene and a replacement of the following 0.9 kb coding region by an SV40 poly(A) truncation disturbs the synaptic localization of the functional NMDA receptor channels. addition signal and neomycin phosphotransferase gene ( Figure 1A ). No homozygous mutant mice were found in 434 offResults spring after weaning. Among 167 newborn pups, however, there were 42 wild-type (ϩ/ϩ), 83 heterozygous (ϩ/dC), Mutant Mice Expressing the Truncated and 42 homozygous (dC/dC) mice, the ratio being close GluR⑀2 Subunit to 1:2:1. The proportion of the mutant mice gradually The carboxy-terminal region of the GluR⑀2 subunit was reduced, and no homozygous GluR⑀2dC mice were found responsible for the augmentation of GluR⑀2/GluR1 NMDA at postnatal day 3 (P3). The mutant mice were recovered receptor channel activity by 12-O-tetradecanoyl-phorby hand feeding, as reported for the GluR⑀2 subunit null bol-13-acetate (TPA) treatment in a Xenopus laevis oomutant mice . When reared by cyte expression system . The deletion hand feeding, postnatal days are referred to with asterof about two-thirds of this region (459 of 644 amino isks (e.g., P2* represents postnatal day 2, reared by acids) of the GluR⑀2 subunit (GluR⑀2dC) eliminated the hand feeding). augmentation by TPA without abolishing the channel activity (data not shown). To investigate the physiological roles of the carboxy-terminal region in vivo, we gener-
Expression of GluR⑀2dC Protein
RNase protection analysis of total brain RNA of mice ated mutant mice that expressed the truncated GluR⑀2dC subunit by homologous recombination in embryonic at P0 showed that the expression level of the mutant Western blot analyses of the whole brain proteins of wild-type (ϩ/ϩ), heterozygous (ϩ/ dC), and homozygous (dC/dC) mice at P0 with anti-GluR⑀2N and anti-GluR⑀2C (A), antiGluR⑀1 and anti-GluR1 (B), and anti-GluR␣1, anti-GluR␣2/3, and anti-GluR␣4 (C). Samples from two mice of each genotype were presented in (A). Abbreviation: Ad, adult wildtype mice.
GluR⑀2dC mRNA was comparable to that of the wilda Mg 2ϩ -free medium containing 10 M 6-cyano-7-nitroqunoxaline-2,3-dione (CNQX), which was completely type GluR⑀2 mRNA ( Figure 1D ). Anti-GluR⑀2N antibody abolished by 50 M D-2-amino-5-phosphonovalerate against the amino-terminal region of the GluR⑀2 subunit (D-APV). The ratio of NMDA components to non-NMDA detected ‫031ف‬ kDa truncated components of EPSPs in the mutant slices (8.9% Ϯ GluR⑀2dC protein and ‫081ف‬ kDa wild-type GluR⑀2 pro-2.3%, n ϭ 7) was much lower than that of the wild-type tein in the brains of mutant and wild-type mice at P0, slices (32.2% Ϯ 7.6%, n ϭ 5) ( Figure 3 ) (t test, p Ͻ 0.05). respectively ( Figure 2A) . The difference in size ‫05ف(‬ kDa)
The ratio of NMDA receptor channel-mediated synaptic corresponded well to the value estimated from the deresponses to fiber volley amplitudes in the mutant mice leted region (459 amino acids). The amount of GluR⑀2dC (0.41 Ϯ 0.13, n ϭ 7) was also significantly smaller than protein in the mutant mice was comparable to that of that of the wild-type mice (1.90 Ϯ 0.73, n ϭ 5) (t test, GluR⑀2 protein in the wild-type mice. Anti-GluR⑀2C antip Ͻ 0.02). body against the carboxy-terminal region of the GluR⑀2
To examine whether the strong reduction of NMDA subunit detected ‫081ف‬ kDa receptor channel-mediated EPSPs in GluR⑀2dC mice is GluR⑀2 protein but no 130 kDa protein as expected (Fig- due to the decrease in the amounts of synaptic NMDA ure 2A). The carboxy-terminal truncation of the GluR⑀2 receptor channels or the alteration of the channel propsubunit did not appreciably affect the expression of the erties, we analyzed the single channel properties of NMDA-type GluR channel subunits GluR⑀1 and GluR1
NMDA-induced currents in outside-out patches excised ( Figure 2B) ; the ␣-amino-3-hydroxy-5-methyl-4-isoxafrom pyramidal cells in the hippocampal CA1 region of zole propionic acid (AMPA) type GluR channel subunits wild-type and mutant mice at P1*. The main single chanGluR␣1 (GluR1), GluR␣2/GluR␣3 (GluR2/3), and GluR␣4 nel conductances of NMDA-gated channels measured at (GluR4) ( Figure 2C ); or neuron-specific enolase, a marker Ϫ80 mV were 46.4 Ϯ 0.05 pS in the wild-type cells (n ϭ protein of neurons (Schmechel et al., 1978 ) (data not 6; Figure 4A ) and 46.7 Ϯ 0.08 pS in the mutant cells (n ϭ shown). The expression of GluR⑀1 protein was faint as 6; Figure 4B ). The mean open times of NMDA-gated chancompared with that of the adult mice ( Figure 2B ). nels were 2.43 Ϯ 0.14 ms in the wild-type cells (n ϭ 6; Figure 4C ) and 2.23 Ϯ 0.14 ms in the mutant cells (n ϭ NMDA Receptor Channel-Mediated EPSPs 6; Figure 4D ). Thus, there was no significant difference in the Hippocampus in the single channel properties of the NMDA receptor There was no clear difference in the basic properties of channels between the wild-type and mutant cells (t test, non-NMDA receptor channel-mediated excitatory postp ϭ 0.41 and 0.21 for the conductance and mean open synaptic potentials (EPSPs) in the CA1 region of hiptime, respectively). We also measured these parameters pocampal slices between the wild-type (n ϭ 5) and at different membrane potentials ranging from Ϫ60 mV GluR⑀2dC (n ϭ 7) mice at P1*-P3* (Figure 3 ). Inputto ϩ80 mV and obtained qualitatively similar results to output relationships of AMPA receptor channel-medithose at Ϫ80 mV. Furthermore, the reversal potential ated synaptic responses estimated by measuring the estimated by the linear regression fitting of the single ratio of EPSPs to fiber volley amplitudes were indistinchannel current-voltage relationship was not signifiguishable between the wild-type (5.2 Ϯ 1.1, mean Ϯ cantly different between the wild-type (Ϫ8.6 Ϯ 1.9 mV, SEM, n ϭ 5) and mutant (4.5 Ϯ 0.8, n ϭ 7) mice (t test, n ϭ 4) and mutant (Ϫ4.3 Ϯ 2.6 mV, n ϭ 4) mice (t test, p Ͼ 0.3), suggesting that the amount of AMPA receptor p Ͼ 0.1). These results suggest that the amounts of channels at the mutant synapse was not altered. We functional synaptic NMDA receptor channels were decreased in the hippocampal CA1 region of GluR⑀2dC measured NMDA receptor channel-mediated EPSPs in to puncta labeled for synaptophysin, a presynaptic marker protein (Buckley et al., 1987) , and yielded a fused yellow-colored interface between them, suggesting the postsynaptic localization of GluR⑀2 protein. There were also a considerable number of GluR⑀2-immunopositive puncta apart from any synaptophysin-immunopositive ones, which may represent protein clusters in transport or at immature synapses in the midst of active synaptogenesis (Aoki et al., 1994) . In GluR⑀2 null mutant mice, there were comparable stainings for synaptophysin but no signals for GluR⑀2 protein ( Figures 5E and 5F ), indicating that the immunostaining signals with antiGluR⑀2N antibody in the wild-type sections were authentic.
There were no significant differences in stainings for synaptophysin between the wild-type and GluR⑀2dC mutant mice at P2* ( Figures 5A and 5C ). On the other hand, the number and size of punctate labelings with anti-GluR⑀2N antibody in the neuropil of the hippocampus were reduced in GluR⑀2dC mutant mice (Figures 5C and 5D) . Some of the GluR⑀2dC puncta were apposed to synaptophysin-immunopositive puncta, but their sizes were apparently smaller than the synaptophysin puncta. Furthermore, yellow-colored interface in the GluR⑀2dC mutant mice was smaller than that in the wild-type mice. These results suggest that the amount of synaptic GluR⑀2dC protein was decreased in GluR⑀2dC mutant mice.
To further examine the clustering and localization of GluR⑀2 protein at more mature stages, we analyzed cultured neurons (Figure 6 ). Cerebral neurons were pre- were no signals for GluR⑀2 protein in the neurons from GluR⑀2 null mutant mice, except for some nonspecific mice without any change in the voltage dependence at stainings in the soma. In neurons from GluR⑀2dC mutant the single channel level.
mice, however, the number of GluR⑀2dC clusters was much less than that of GluR⑀2 clusters in the wild-type Localization of GluR⑀2dC Protein neurons ( Figure 6A ). Furthermore, some of the GluR⑀2dC We examined immunohistochemically the localization clusters did not colocalize with synaptophysin ( Figure  of GluR⑀2dC protein by using a novel protease pretreat-6B). These results suggest that carboxy-terminal truncament procedure developed by Watanabe et al. (1998) , tion hinders the efficient clustering and synaptic localsince conventional methods failed to detect specific ization of the GluR⑀2 subunit of the NMDA receptor signals of the NMDA receptor channel subunits in histochannel. The formation and distribution of GluR␣1 cluslogical brain sections, as judged from the comparison ters were indistinguishable between neurons from wildof the stained sections prepared from the wild-type mice type and GluR⑀2dC mutant mice ( Figure 6C ). with those of mutant mice lacking the respective subunits of the NMDA receptor channel. Hippocampal sections from wild-type, GluR⑀2dC, and GluR⑀2 null mutant Induction of Hippocampal LTD Prolonged low frequency stimulation of afferent fibers (Ϫ/Ϫ) mice at P2* were double labeled with anti-GluR⑀2N and anti-synaptophysin antibodies ( Figure 5 ). In the produced robust long-term depression (LTD) in the CA1 region of the hippocampal slices prepared from wildwild-type mice, we detected high levels of immunofluorescent signals specific to GluR⑀2 protein in the hippotype mice at P2*-P3* (Figure 7 , top), as reported previously . The EPSP amplitude campal CA1 region ( Figures 5A and 5B) . The signals were observed as punctate labelings concentrated 30 min after stimulation was 79.6% Ϯ 0.6% (n ϭ 3) of the control value. The low frequency stimulation induced above and beneath the pyramidal cell layer, i.e., in neuropil layers where dendritic spines of pyramidal cells LTD in two out of five hippocampal slices prepared from the mutant mice (Figure 7 , middle) but failed in three form excitatory synapses. Many puncta were apposed slices (Figure 7 , bottom). In two mutant slices, the EPSP region of the mouse brain at neonatal stages , and the contributions of the other amplitudes 30 min after stimulation were 76.3% and 79.3% of the control value, the extent of LTD being GluR⑀ subunits, if any, are negligible, since we found no synaptic NMDA receptor responses in the hippocampal comparable to that of the wild-type slices. The ratios of the NMDA component to the non-NMDA component of CA1 region of the GluR⑀2 subunit null mutant mice at these stages . Thus, the hippoEPSPs were 10.2% and 21.7% in the two mutant slices, which showed LTD induction, while the ratios were campal CA1 synapses at neonatal stages will be an ideal place to examine the effect of the carboxy-terminal 4.2%, 7.5%, and 8.3% in the three mutant slices, which failed to exhibit LTD. truncation of the GluR⑀2 subunit on synaptic function.
Neuronal Pattern Formation in the Brainstem
Synaptic Localization There was no abnormality in gross anatomical organiWe found that the NMDA receptor channel-mediated zation of the brain of GluR⑀2dC mice at P0 (data not components of EPSPs in the hippocampal CA1 region shown). In the spinal tract nucleus of the brainstem were strongly reduced in GluR⑀2dC mice, although the trigeminal complex of wild-type mice at P2*, cytoexpression level of the truncated GluR⑀2dC protein was chrome oxidase histochemistry showed discrete neural comparable to that of GluR⑀2 protein in wild-type mice. repeating units called barrelettes corresponding to the Furthermore, the immunohistochemical analyses with whiskers (n ϭ 16; Figure 8A ). In contrast, the formation of anti-GluR⑀2N antibody showed that punctate labelings chemoarchitectural barrelettes was impaired in mutant of GluR⑀2dC protein in the neuropil of the hippocampus mice at P2* (n ϭ 9; Figure 8B ), as reported for GluR⑀2 were reduced in the mutant mice, and that the amounts mutant mice . of the truncated GluR⑀2 subunit at the synapses were decreased in the cultured cerebral neurons prepared from the mutant mice. These results suggest that the Discussion carboxy-terminal truncation of the GluR⑀2 subunit exerts little effect on the expression of the subunit protein In the present investigation, we examined the physiological role of the carboxy-terminal region of the GluR⑀2 but does affect its efficient clustering and synaptic localization. It remains to be examined whether the clustering subunit of the NMDA receptor channel in vivo by generating and analyzing mutant mice. The GluR⑀2 and and synaptic localization are serial or separable steps, although the carboxy-terminal region appears to be imGluR1 subunits are the main constituents of the functional NMDA receptor channels in the hippocampal CA1 portant for both steps. It is likely that truncated GluR⑀2 proteins are present as complexes with the GluR1 synaptic localization of the GluR⑀2 subunit suggests the presence of additional mechanisms for synaptic localsubunit to form functional NMDA receptor channels in vivo, because the GluR⑀2 subunit is degraded in the ization of NMDA receptor channels. Some synaptic NMDA responses found in the hippocampus of the absence of the GluR1 subunit (Forrest et al., 1994) . Some GluR⑀2dC proteins that fail to form clusters in GluR⑀2dC mice might have resulted from synaptic localization through the interaction between certain GluR1 the mutant mice may be distributed diffusely and be immunohistochemically undetectable under our condivariants in heterooligomeric NMDA receptor channels and PSD-95 family proteins or ␣-actinin (Laurie and Seetions. Consistent with this view, it was reported that muscle acetylcholine receptor proteins in MuSK-defiburg, 1994; Kornau et al., 1995; Zhong et al., 1995; Wyszynski et al., 1997) . In addition, the phosphorylation of cient mice were diffusely distributed and were histochemically undetectable though their expression level the GluR1 subunit may also play a role in the clustering of NMDA receptor channels (Ehlers et al., 1995) . was normal (DeChiara et al., 1996) .
The carboxy-terminal region of the GluR⑀2 subunit Consistent with our results, the deletion of almost the entire carboxy-terminal putative cytoplasmic region of contains interaction sites with the PSD-95 family of PDZ domain-containing proteins, and this interaction has the GluR⑀2 subunit resulted in the neonatal death of the mutant mice (Sprengel et al., 1998) . On the other hand, been suggested to be important for synaptic localization and clustering in vitro (Kornau et al., 1995; Kim et al., Sprengel et al. (1998) argued that the GluR⑀2 subunit truncation impaired signal transduction rather than syn-1996; Mü ller et al., 1996; Niethammer et al., 1996) . In view of the essential role of the PDZ domain-containing aptic localization, in contrast to our conclusion. However, neither quantitative analyses of synaptic NMDA proteins in the proper subcellular localization of some membrane proteins in Drosophila and Caenorhabditis receptor channel responses nor immunohistochemical analyses of the localization of the truncated protein were elegans (Simske et al., 1996; Chevesich et al., 1997; Tejedor et al., 1997) , it is likely that the loss of GluR⑀2-presented. The large carboxy-terminal deletion of both the GluR⑀1 and GluR⑀3 subunits resulted in the degrada-PSD-95 family protein interactions by the carboxy-terminal deletion of the GluR⑀2 subunit resulted in the impairtion of GluR1 subunit protein as well as mutant proteins in the cerebellar granule cells (Sprengel et al., 1998) , ment of the efficient synaptic localization of the NMDA receptor channels in vivo. The fact that the carboxywhich may indicate the failure of proper clustering and localization of these proteins. In the hippocampus, the terminal truncation does not completely eliminate the synaptic localization of the truncated GluR⑀1 protein the interaction sites with PSD-95 family proteins (Kornau et al., 1995; Mü ller et al., 1996;  Niethamwould be possible by forming complexes with the intact GluR⑀2 and GluR1 subunits. Thus, the studies of mer et al., 1996) and/or the phosphorylation sites of various protein kinases Moon et al., Sprengel et al. (1998) cannot exclude the importance of the carboxy-terminal region of the GluR⑀ subunits in 1994; Omkumar et al., 1996) . synaptic localization.
Experimental Procedures

Synaptic Plasticity
At neonatal stages P2*-P3*, prolonged low frequency Generation of GluR⑀2dC Mutant Mice stimulation gives rise to homosynaptic LTD of excitatory A genomic DNA clone carrying the carboxy-terminal coding region of the GluR⑀2 gene was isolated from a C57BL/6 genomic library synaptic transmission in the hippocampus, and this form with the 121 bp BbsI fragment from the pGRU9 (Kutsuwada et al., of LTD is dependent on the NMDA receptor channel in 1992) as a probe. The translational termination codon TAG was our conditions . In the GluR⑀2dC inserted immediately after the Leu-997 codon of the GluR⑀2 gene, mutant mice, some slices exhibited LTD comparable and the following 0.9 kb genomic coding region was replaced by a in magnitude to that of the wild-type slices, while the 1.4 kb DNA fragment composed of an SV40 poly(A) addition signal probability of hippocampal LTD induction appeared to sequence from pMC1NeopA (Stratagene) and a phosphoglycerate kinase-1 gene promoter-driven neomycin phosphotransferase gene be decreased. Thus, the carboxy-terminal region of the from pGK2Neo (Yagi et al., 1993b) (Figure 1 ). TT2 ES cells derived from the F1 hybrid of C57BL/6 and CBA mice (Cummings et al., 1996) . It is likely that the decreased (Yagi et al., 1993a) were transfected with NotI-cleaved pTVE2DC by synaptic localization of the NMDA receptor channels electroporation as described . A targeted would result in the reduction of Ca 2ϩ influx at the synclone was identified by G418 selection, PCR, and Southern blot apse, leading to the lower probability of LTD induction.
hybridization. The recombinant ES cells were injected into eight-
The possibility remains that the deletion of the carboxycell embryos of ICR mice to produce chimeras. A chimera was terminal region may decrease the efficacy of signal mated with C57BL/6 mice to yield F2 heterozygous mice with a genetic background of C57BL/6 (75%) and CBA (25%). Homozygous transduction to induce synaptic plasticity by removing Cytochrome oxidase histochemistry for whisker-related barrelette structures in the trigeminal spinal tract nucleus (subnucleus interpolaris) of wild-type (ϩ/ϩ) (A) and mutant (dC/dC) (B) mice at P2*. Five distinct rows (a-e) of patches (barrelette, asterisk) corresponding to whiskers are present in the wild-type trigeminal nucleus but are absent in the mutant trigeminal nucleus. Scale bar, 100 m.
C) was incubated with 20 g of total RNA prepared from the whole brain of mice at P0. The reaction products were analyzed on a 5% acrylamide/8 M urea gel. The gel was dried and exposed to X-ray film.
Western Blot Analysis
Whole brain homogenates were prepared from mice at P0 as described (Takahashi et al., 1996) . The proteins (100 g) were fractionated by SDS-PAGE and electroblotted onto a nitrocellulose membrane (Schleicher & Schuell). The blots were immunoreacted with purified anti-GluR⑀1C, anti-GluR⑀2N, anti-GluR⑀2C, and anti-GluR1N antibodies prepared by Watanabe et al. (1998) and with anti-GluR1, anti-GluR2/GluR3, and anti-GluR4 antibodies purchased from UBI Figure 7 . LTD in the CA1 Subfield of the Hippocampus at the concentration of 1 g/ml. Immunoreacted protein bands were visualized by chemiluminescence (ECL detection system, AmerExamples of LTD in wild-type (ϩ/ϩ) (top) and mutant (dC/dC) (middle sham). For quantitation, the bands were scanned by a computing and bottom) mice at P2*-P3*. Afferent fibers were stimulated with densitometer (Gel Documentation System, UVP) and analyzed with a bipolar tungsten electrode at 0.1 Hz. Bars indicate prolonged low NIH Image software (version 1.58). frequency stimulations (1 Hz for 15 min). Inleted traces represent averages of 10 consecutive EPSPs obtained at the times indicated. Each point on the graphs is the averaged amplitude of six consecuHistology tive responses. The broken lines on the panels indicate the average Mice at P2* were fixed transcardially with 4% paraformaldehyde value of the EPSP amplitude during the control period. and 0.2% picrinic acid in 0.1 M sodium phosphate buffer (pH 7.4) (PB). Brains were postfixed in the same fixative for an additional 2-3 hr at 4ЊC and dipped in PB containing 30% sucrose for 1-2 days. GluR⑀2dC mutant mice and wild-type littermates derived from F2
For cytochrome oxidase histochemistry, coronal sections (30 m) mice were used for the following analyses, which were done in a through the subnucleus interpolaris of the trigeminal spinal tract blind fashion.
nucleus were prepared by cryostat and mounted on gelatin-coated Breeding and maintenance of mice were carried out under instituglass slides. Sections were incubated for 10-12 hr at 37ЊC in PB tional guidelines. Rearing by hand feeding of the neonatal mice was containing 0.3 mg/ml cytochrome c (Sigma), 0.5 mg/ml diaminobendone as previously described , except that zidine (Sigma), and 45 mg/ml sucrose (Wong-Riley, 1979). Photoinfant formula for human neonates, Neomilk L.ai (Snow Bland), was graphs were taken with an Olympus AX80 light microscope. used.
Immunofluorescence staining was carried out with rabbit antimouse GluR⑀2N antibody raised against N-terminal polypeptide of the mouse GluR⑀2 subunit and with guinea Analyses of DNA and RNA Southern blot analysis of tail DNA was done using the 0.5 kb SacIpig anti-mouse synaptophysin antibody raised against amino acid residues 205-259, which recognized a single band of 38 kDa in BspHI fragment (probe A) from the genomic GluR⑀2 clone, the 0.6 kb PstI fragment (probe Neo) from pGK2Neo, and the 0.34 kb Bpu1102I-immunoblots of mouse brain proteins (Yamada et al., personal communication) . Fixed brains were embedded in paraffin wax to prepare XbaI fragment (probe B) from pSPGR⑀2 as probes. PCR analysis was done with KOD Dash DNA polymerase coronal sections through the hippocampus (5 m in thickness). Sections were treated at 37ЊC for 10 min with 0.1-0.3 g/ml pepsin (Toyobo) with primers 5Ј-GACACCTTCGTGGACCTGCAGAAGGAG GAG-3Ј (P1), 5Ј-GGCCGGGAAGTCCGGCCTTGTTTTCGACGC-3Ј (P2), (DAKO) in 0.2 N HCl. After blocking with 10% normal goat serum, sections were incubated overnight with anti-GluR⑀2N antibody (0.2 and 5Ј-TCGTGCTTTACGGTATCGCCGCTCCCGATT-3Ј (P3).
RNase protection assay was performed according to the manug/ml), followed by incubations with biotinylated goat anti-rabbit IgG for 1 hr and streptavidin-peroxidase for 30 min (Histofine SABfacturer's protocol with MAXIscript and HybSpeed kits (Ambion). Briefly, ‫000,051ف‬ cpm of 32 P-labeled RNA antisense to nucleotide PO(R) Kit; Nichirei, Japan). The first immunoreaction was visualized with the Tyramide Signal Amplification Kit (TSATM-DIRECT [GREEN], residues 2791-3093 of GluR⑀2 mRNA (Kutsuwada et al., 1992 ) (probe
